Abstract-This letter proposes to use the path state approach for updating the Traffic Engineering Database (TED) of the Path Computation Element (PCE) in GMPLS controlled Wavelength Switched Optical Networks (WSONs). The proposed solution reduces both the lightpath blocking probability and the control plane load with respect to conventional updating schemes based on the link state approach.
I. INTRODUCTION
T HE Path Computation Element (PCE) has been recently introduced in dynamic GMPLS controlled Wavelength Switched Optical Networks (WSONs) for overcoming the limitations of fully distributed routing and wavelength assignment (RWA) [1] . In particular, the PCE provides effective network resource allocation, and simplifies the implementation of network nodes, which may avoid complex routing modules.
The PCE utilizes a Traffic Engineering Database (TED) to perform path computation and, possibly, wavelength assignment decisions. It is important that this TED is accurate and updated when the PCE performs a path computation. In particular, the use of detailed wavelength availability information is fundamental in WSONs to obtain adequate performance [2] , [3] .
Traditionally, the PCE TED is updated by a link state routing protocol, i.e., the Open Shortest Path First routing protocol with Traffic Engineering extensions (OSPF-TE). However, current OSPF-TE implementations do not support the advertisement of detailed wavelength availability information. Moreover, further information may be required by the PCE, such as switching node architectural asymmetries and wavelength connectivity constraints, whose flooding through OSPF-TE can overload the control plane and cause convergence issues [4] .
Alternative approaches for updating the PCE TED are therefore necessary. In particular, the work in [4] proposes a link state approach, where each network node directly communicates to the PCE the information about the state of locally connected links.
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F. 
II. PCE-BASED LIGHTPATH SETUP
In PCE based WSONs, upon lightpath request, the source node exploits the PCE communication Protocol (PCEP) for submitting path computation requests to the PCE (i.e., using a PCEP PCReq message) [1] . In all the scenarios considered in this letter, the PCE maintains the TED with detailed wavelength availability information, i.e., the status (reserved or available) of each wavelength on every link. Therefore, besides path computation, the PCE also selects the wavelength to be used by the lightpath. Both the computed path and the selected wavelength are communicated to the source node by using a PCEP PCRep message. Conversely, if the PCE fails in computing a path with available resources, it replies with an error message and the lightpath request is refused (i.e., routing blocking).
Upon reception of the PCRep message, the source node triggers an instance of the Resource Reservation Protocol with Traffic Engineering extension (RSVP-TE) along the computed path, to actually reserve resources [5] . RSVP-TE is based on the utilization of Path and Resv messages, sent in the forward and backward directions, respectively. In the considered scenarios, the Path message includes the Explicit Route, the Suggested Label, and the Label Set standard objects [5] . The Explicit Route and the Suggested Label objects respectively contain the path and the wavelength selected by the PCE. The Label Set object is created at the source node and updated along the path so that, when the destination node is reached, it contains the wavelengths that are available on the end-to-end path. Upon reception of the Path message the destination node performs the wavelength assignment. In particular, the wavelength indicated in the Suggested Label object is selected if it is included in the Label Set. Otherwise, another wavelength contained in the Label Set is selected, according to a specific wavelength assignment strategy. After wavelength assignment, the destination node sends back a Resv message to effectively reserve the selected wavelength on each link of the path. Once the Resv message reaches the source, the lightpath is established and data transmission can take place.
Using the described procedure, the RSVP-TE instance may be blocked during both forward and backward signaling phases [6] . Blocking during the forward phase (i.e., forward blocking) is due to wavelength unavailability on the path. It happens when the updated Label Set results to be empty in an intermediate node or at destination. Blocking during the backward signaling (i.e., backward blocking) is due to wavelength contentions. Contentions are caused by the concurrent attempt of two or more RSVP-TE instances to reserve the same wavelength on the same link. Indeed, under dynamic traffic conditions, the list of available wavelengths contained in the Label Set object of the Path message may be already outdated when the destination node is reached.
III. PCE TED UPDATE
This letter proposes two path state based schemes (i.e., the PCE Reactive and the PCE Proactive), in which a direct communication between network nodes and the PCE is used to update the PCE TED with information regarding whole paths. The proposed schemes are compared with a link state based scheme in which the PCE updates its TED by sniffing the Link State Advertisements (LSAs) flooded by OSPF-TE (i.e., the OSPF-TE based).
• PCE Reactive: Every time a lightpath is established (released) the source node communicates to the PCE the reserved (freed) wavelengths along the path. In case of errors during the RSVP-TE signaling no communication between the source node and the PCE is required.
• PCE Proactive: Every time the PCE successfully performs a path computation, it updates its TED assuming the successful lightpath establishment along the computed path on the suggested wavelength. The source notifies the PCE, which consequently updates its TED, in three different cases: 1) if an error occurs during the RSVP-TE signaling; 2) if the lightpath is established using a different wavelength; 3) when the lightpath is released.
• OSPF-TE based: With this scheme LSAs are generated by network nodes when a wavelength status change occurs on a link. However, once an LSA has been generated for a given link, any change detected on such link before a timeout is elapsed is not advertised [7] . PCE Proactive PCE Reactive OSPF-TE (5s) OSPF-TE (30s) Fig. 2 . Routing blocking probability.
IV. SIMULATION STUDY
Simulations are performed with a custom-built C++ eventdriven simulator. A Pan-European network topology is considered with 27 nodes, 55 bidirectional WDM links and 32 wavelengths per link along each direction. Nodes do not support wavelength conversion. Lightpath requests are generated according to a Poisson process and uniformly distributed among all node pairs. Both, inter-arrival and holding times are exponentially distributed. The average holding time is fixed to 180 seconds. Two values of the LSA update timeout are considered respecting the OSPF-TE standard [7] : 5 and 30 seconds, thus resulting in two versions of the OSPF-TE based scheme: OSPF-TE (5s) and OSPF-TE (30s). All the simulation points are depicted with the reached confidence interval at 95% confidence level.
In all the considered scenarios, the PCE uses the information stored in the TED for performing the path computation and the selection of the suggested wavelength. In particular, for a lightpath request between the node pair ( , ), the PCE selects the path within a set , of candidate paths. The path in , that can accommodate the largest number of wavelength-continuous lightpaths is selected [3] . Possible ties are randomly broken. The set , includes all the paths whose hop length is within one hop from the shortest path. In addition, the PCE randomly selects the suggested wavelength among all the wavelengths that are seen as available on the whole path. If, during the signaling instance, the suggested wavelength is detected as not available, the destination node randomly selects a wavelength in the received Label Set object. Fig. 1 depicts the overall blocking probability versus the offered network load. The figure shows that the PCE Proactive update achieves the best performance guaranteeing almost null blocking up to 400 Erlang. The other three schemes provide not negligible blocking also under very light traffic conditions. With this load the blocking is mainly due to wavelength contentions (see Fig. 3 ). At higher loads, with faster arrivals, the OSPF-TE (30s) scheme provides the highest blocking. Indeed, with such a dynamic traffic, a 30 seconds timeout is not adequate to guarantee a timely TED. On the contrary, both the proposed schemes guarantee an updated TED, resulting in better blocking performance with all traffic loads. Fig. 2 depicts the routing blocking probability versus the offered network load. Routing blocking appears at high loads, indeed it occurs when the PCE is not able to find a path with available resources. The OSPF-TE (30s) scheme provides the best routing blocking mainly due to the lower accepted load, testified by the highest overall blocking (see Fig. 1 ). Fig. 3 depicts the backward and the forward blocking probabilities versus the offered network load. First, the plot shows that backward blocking is the dominant source of blocking at low and medium loads. Moreover, it shows that the two OSPF-TE based schemes and the PCE Reactive scheme provide very similar backward blocking, which increases with increasing load, when arrivals are faster. On the contrary, the PCE Proactive scheme does not experience any backward blocking. This is because the PCE Proactive considers network resources to be busy immediately after the path computation so that successive lightpath requests are routed avoiding the resources allocated to previously computed paths. Fig. 3 also shows a very different forward blocking for the four schemes. Forward blocking occurs when the PCE considers available network resources that are currently reserved. This happens in the OSPF-TE schemes for delayed LSAs, and in the PCE Reactive due to ongoing signaling instances. Indeed, the OSPF-TE (30s), scheme provides the highest blocking followed by the OSPF-TE (5s) scheme, and by the PCE Reactive scheme. Finally, the PCE Proactive scheme achieves also null forward blocking. Indeed, with the used update process, the TED is updated before actual resource reservation, so that a busy resource is never considered as available. Fig. 4 depicts the control plane load expressed as the average bitrate generated by processed control messages (i.e., RSVP-TE, OSPF-TE, PCEP) at each node, versus the offered network load. Fig. 4 shows that the OSPF-TE based schemes generate an higher control plane load with respect to the proposed path state based schemes. Indeed, the proposed schemes aggregate the notification of wavelength status changes on a per path base, moreover each change is not advertised throughout the all network but directly communicated to the PCE.
Finally, the PCE Proactive scheme slightly reduces the control plane load generated by the PCE Reactive scheme. Indeed, the former triggers a notification to the PCE when there is an error during the RSVP-TE signaling or the lightpath is established using a wavelength different from the wavelength suggested by the PCE. The latter requires a communication to the PCE each time a lightpath is correctly established. Since the correct lightpath establishment is the most frequent case, the PCE Proactive scheme requires a reduced amount of notification messages to the PCE and therefore achieves the lightest control plane load.
V. CONCLUSION
This letter proposed the use of the path state approach for updating the PCE TED using notification messages (e.g., PCEP Notify or RSVP-TE Notify) generated upon lightpath establishment and release.
Simulation results show that the proposed approach strongly reduces the control plane load, and significantly reduces the lightpath blocking probability. In particular, the PCE Proactive update scheme guarantees the best performance by avoiding any blocking during the signaling phase, thus jointly achieving the best blocking and the lowest control plane load.
